Abstract-Device-to-device (D2D) communications was proposed underlying cellular networks to increase system capacity to support high-data-rate multimedia services. However, D2D communications unavoidably bring along co-channel interference to conventional cellular users. In this paper, we propose interference-aware resource allocation (IARA) scheme for cellular networks with underlying D2D communications. The proposed IARA scheme is based on two-way channel gain estimations and interference level measurements. Related works are revisited and the proposed IARA scheme is discussed. Its performance is investigated through extensive computer simulations. IARA scheme outperforms random allocation (RA) scheme. We further propose to use adaptive transmission power for D2D users to protect cellular users from severe co-channel interference. Simulation results show that this allows for longer link distance for D2D users, leading to better resources reuse.
INTRODUCTION
Telecommunication operators are under enormous pressure in order to accommodate that tremendous amount of traffic generated by the ever increasing number of mobile subscribers with their greedy request for high-data-rate multimedia services. Although recent deployment of fourth generation (4G) mobile networks in terms of Long Term Evolution (LTE) and its counterpart IEEE 802. 16 Worldwide Interoperability for Microwave Access (WiMAX) help mitigate the necessitous situation, there still exists a huge gap between the available system capacity and the required one in the near future. Subsequently, LTE-Advanced (LTE-A) [1] was proposed as a major enhancement of LTE standard with the following features: (i) relay node base stations (BSs), (ii) coordinated multipoint (CoMP) transmission and reception, (iii) Multiple Input and Multiple Output (MIMO), (iv) carrier aggregation and (v) cognitive radio. We expect large scale deployment of LTE-A will occur in the following few years.
In traditional cellular networks, communication links are established with BSs as an intermediate node, i.e., packets from one mobile station (MS) are routed through BSs towards its destination MS. Recently, this involvement of BS(s) in every pair of communicating MSs is unfortunately being viewed as a bottleneck of system capacity, and multihop cellular networks (MCNs) were introduced [2] , for which the proposed MS-to-MS communications can be treated as device-to-device (D2D) communications. In particular, Dopper et al. proposed the concept of D2D as a form of underlay network consists of user equipment (UE) units that communicate directly without the aid of evolved NodeBs (eNBs) through D2D links [3] . As such, borrowing the concept of cognitive radio networks, it is important to properly manage the shared radio resources so that D2D communications can be accommodated as secondary users (peer-to-peer communication users) while minimizing their adverse effect to the primary users (conventional users with the aid of eNBs) of cellular networks. However, it should be pointed out that D2D communications are fundamentally different from cognitive radios because eNBs are still responsible to coordinate those UE units with D2D links [8] . Furthermore, all the users in D2D communications are also licensed users.
In general, radio resource management (RRM) [4] in cellular networks includes channel assignment, transmission power control, modulation/coding, and handover procedures. RRM can be classified as (i) static RRM in which resource allocation is rigid and irrespective of network traffic or channel conditions and (ii) dynamic RRM in which resource allocation is adaptive based on network traffic and/or channel conditions. Under dynamic RRM, dynamic channel assignment (DCA) can be grouped as centralized DCA and distributed DCA, where the latter is more suitable for cellular networks with D2D communications. Cheng and Chuang presented a performance evaluation of distributed DCA schemes in local wireless communications in [5] . Besides quasifixed frequency assignment [6] and threshold-based worst channel first algorithm [7] , they studied the following algorithms: (i) Least Interference Algorithm (LIA); (ii) Least Interference below Threshold Algorithm (LTA); (iii) Highest Interference below Threshold Algorithm (HTA); (iv) Marginal Interference Algorithm (MIA) and (v) Lowest Frequency below threshold Algorithm (LFA). However, their study was limited to timedivision multiple access (TDMA) systems. Lei et al presented a performance analysis of D2D communications with dynamic interference using stochastic Petri Nets [8] and studied the performance of D2D communications with Discrete Time Markov Chain (DTMC) model. However, the varying interference was modelled by the change of backlogged state of a link-level non-saturated buffer and no interaction between cellular network users and D2D users was considered.
In this paper, we propose interference-aware resource allocation (IARA) scheme, which is based on measurementbased DCA techniques and investigate the performance of IARA through computer simulations. Our contributions are three-fold: (i) the detailed measurement-based resource allocation procedure to minimize co-channel interference; (ii) the simulation study using a practical three-tier 19 cell layout; and (iii) the introduction of adaptive transmission power levels for D2D users.
II. RELATED WORK D2D communications enable us to improve the spectrum efficiency provided that the following two requirements are substantially satisfied: (i) interference caused by D2D users to cellular users should be kept minimum; (ii) minimum qualityof-service for D2D users should be guaranteed [9] . In order to fulfil the two requirements, measurement-based resource allocation is considered as the most promising approach in such cellular networks operating in both cellular mode and D2D mode. Historically, distributed DCA, such as Autonomous Reuse Partitioning (ARP) is usually based on channel measurements [10] . Under ARP, all BSs simply scanned all channels in a certain order and select the first channel which met the CIR threshold requirement. The algorithm had proven itself able to effectively avoid interference and had better capability of handling traffic. Reuse partitioning was also achieved in such a way that the lower numbered channels were reused at shorter distances. Since ARP solely relied on the uplink interference measurement, its performance in downlink was not as good as that in uplink. Chuang showed that it was feasible to achieve a balanced two-way performance when BS and MS jointly made the allocation selection [11] . In such a proposed scheme, a BS first made the measurement and formed a list of candidate channels with low uplink interference, which was sent to a MS through downlink. The MS would scan and measure all the listed channels, and select one with the lowest downlink interference for its uplink transmission. Alternatively, the worst channel above a certain threshold could be selected first in order to improve the spectrum efficiency [7] , and the simple aggressive LIA algorithm appeared to be one of the best choices in local wireless communication networks according to the comparison and study conducted in [5] . It outperformed all the other algorithms, yet without setting any threshold or constraint.
All the distributed DCA schemes discussed above were designed and investigated for conventional cellular networks. In [12] fractional frequency reuse (FFR) was proposed for cellular and D2D users by making use of different resource bands depending on their locations. However, it would be extremely difficult, if possible, to determine whether a UE resides in an inner region or an outer region. Janis et al. proposed an interference-aware resource allocation scheme and used an interference-to-noise (INR) target to perform transmission power control of D2D users [13] [14] . The simulation showed a 10% improvement over random allocation (RA) scheme. However, they assumed in every cell and subband there were only two simultaneous transmissions, one in D2D link and one in downlink, i.e., BS MS link, which was certainly oversimplified. In addition, they only considered indoor environment with an area of 100m×100m. Auctionbased resource allocation for D2D communications was proposed in [15] and game theoretic approach could also be applied [16] . However, they only considered single cell scenario and limited maximum D2D link distance to 5m and 20m in [15] and [16] , respectively. Most D2D communications in the literature is networkassisted, specifically, BSs will facilitate the initiation process of D2D links. However, relay-aided D2D communications were studied in [17] , which provided the iterative Hungarian method to solve the joint relay selection and subchannel assignment problem for cellular networks with D2D communications. Furthermore, how to determine the proximity of D2D pairs is a non-trivial issue. An energy efficient D2D discovery method was proposed in [18] , where the concept of proximity area was introduced and later Li et al. proposed social-aware resource allocation [19] , where community detection algorithm was used to locate D2D communication pairs. Lin et al. studied how to select a suitable communication mode based relative velocities of mobile users [20] , while Wu et al. studied the effect of mobility from the perspectives of energy and bandwidth efficiency [21] .
III. PROPOSED IARA SCHEME Enlightened by the resource allocation schemes [11] [14] discussed in Section II, we propose IARA scheme for LTE-A networks with D2D communications operating in time-division duplex (TDD) mode, as depicted in Fig. 1 . Each subcarrier is assumed to be a flat fading channel with no interference from other subcarriers, thus individual pilots can be used to estimate each subcarrier's channel gain. A set of adjacent subcarriers form a subband, which constitutes the basic resource unit. The BSs and/or MSs estimate the channel gain and measure the interference from surrounding cells for each subcarrier. The average value of estimated BER for subbands will be used as a decision metric for resource allocation. The procedures of proposed IARA with D2D communications are described in Fig. 2(a), Fig. 2(b) and Fig.  2 (c) for uplink (cellular users), downlink (cellular users), and D2D links, respectively. In this scheme, both uplink and downlink allocations use a two-way measurement-based algorithm to ensure no severe interference is caused to existing D2D users nearby. In a D2D communication pair, there is no uplink or downlink transmission, but we deliberately consider the MS that initiates the D2D communication process is performing the uplink transmission (e.g., D2D_UL in Fig. 1) , and the other MS is performing downlink transmission (e.g., D2D_DL in Fig. 1 Table I summarizes the system configuration parameters, which include a modified PDP [22] . The transmitted signal-tonoise ratio (SNR) and subcarrier gain in the frequency domain are used to calculate the received SNR for every transmitted symbol. Then We consider two levels of transmission power, P t = 1W and P t = 0.25W, and two inter-UE distance values, d = 100m and d = 200m, for D2D users. As such, four combinations of settings for D2D users are investigated.
As shown in Fig. 3 , when the P t of D2D users is high, the inter-UE distance d does not affect the average BER much. A drastic increase is noticed when the number of cellular users per cell is larger than 10, which is due to two factors: (i) Firstly, when there are few cellular users, it is highly likely that they use different resource blocks as compared to D2D users. As the number of cellular users increases, there is an increasing probability that both cellular users and D2D users share the same resource blocks, leading to rising co-channel interference; (ii) Secondly, the total P t is limited in each cell. When there are more cellular users, the P t for each cellular user decreases, and which makes cellular users more vulnerable to the co-channel interference caused by D2D communications.
When the P t of D2D users is low, d has a prominent impact on the average BER. When d =100m, the performance of D2D communications is very promising. BER does not have an abrupt increase because the interference introduced by D2D communications is low. Nevertheless, the P t is insufficient for D2D users to communicate over long distance.
As shown in Fig. 4 , when P t = 0.25W, the system achieves a high throughput for D2D pairs with d = 100m. However, the performance degrades when d =200m due to insufficient P t . When P t = 1W, d does not affect the throughput much. As the number of cellular users increases, P t per cellular user decreases and more resource blocks have to be reused. As such, graceful increase in throughput is observed for larger number of cellular users due to the abrupt increase of average BER.
A higher P t of D2D users might cause more severe interference to existing cellular users, but it allows for longer transmission distance; while a lower P t achieves better system performance if the D2D users are near to each other. Although the scenario for (P t = 0.25W, d = 100m) provides the best overall performance, it is rather limited and the performance cannot be sustainable if d increases. Furthermore, it is noticed the scenarios with P t = 1W can achieve comparable system performance when the number of cellular users is small. The D2D users are using idle resource blocks that are not used by cellular users. Consequently, it is feasible to use a high P t for D2D users in a sparsely populated cellular network. With the increased number of cellular users, more resource blocks have to be shared and P t per cellular user decreases. In such situations, D2D communications with lower P t is preferred so that the quality of cellular communication will not be compromised. We propose to use an adaptive P t for D2D users such that it can allow D2D users farther apart to communicate in a sparse network, but will not be affected too much from the interference caused by increasing number of cellular users. In the following simulations, an adaptive P t is used for D2D users with d = 200m. Furthermore, P t for the D2D users will always be half of that of cellular users. Therefore, cellular users are offered necessary protection against the interference caused by D2D users. Fig. 5 and Fig. 6 show the BER and throughput comparison between IARA and RA, respectively. With adaptive D2D P t , the average BER is nearly the same as that of the scenario with high P t for small number of cellular users. But as the cellular user number increases, it benefits from using decreased D2D P t so that there is no abrupt increase in BER. Although the average BER is higher than the cellular network without D2D communications, the system throughput becomes much higher. Therefore, hierarchical cellular networks with D2D communications underlay outperform conventional cellular networks. Fig. 7-Fig.  9 . As each cell is able to accommodate 15 users on different subbands, the scenario without D2D communications prevents more users to share the network. The average BER remains the same but the blocking probability increases dramatically when the total number of users per cell exceeds 15. Nevertheless, the added D2D users are able to share the network resources under IARA scheme. Although the average BER keeps increasing, the blocking probability is kept at an acceptable level. The system throughput is thus much higher for IARA and it can accommodate more than 15 users per cell.
V. CONCLUSION
An interference-aware resource allocation (IARA) scheme is proposed, which minimizes the adverse effect of co-channel interference by sensing interference levels to efficiently and intelligently reuse radio resources. The proposal of using adaptive transmission power also enables maximum inter-user distance for D2D communications, enlarging the network coverage without compromising the quality of service of conventional cellular users. Simulation results have shown a significant improvement of IARA as compared to random allocation (RA) scheme on system throughput with relatively comparable average BER level. For a given level of system throughput, IARA is able to achieve a lower blocking probability. IARA maximize reuse of radio resources in a dynamic interference-conscious approach. More interference mitigation techniques for D2D communications under cellular networks can be explored in the future. Furthermore, it is also of interests to adapt an interruption mechanism of D2D communications, if necessary, so as to protect the quality of service for cellular users. 
